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1.  INTRODUCTION 


As  part  of  the  validation  phase  of  the  M-X  program,  the  Air  Force 
Weapons  Laboratory  (AFWL)  conducted  a  series  of  shock  tube  tests  on 
MX  structures  using  a  dynamic  air  blast  simulator  (DABS)  at  the 
Yuma  Test  Site,  Yuma,  Arizona.  In  these  tests,  an  air  shock  was 
driven  over  a  test  bed  by  a  planar  explosive  source.  Peak  pressures 
and  pressure  durations  simulated  those  expected  from  a  surface  burst 
nuclear  source.  Part  of  the  diagnostics  of  the  planar  HE  source  and 
of  the  flow  in  the  shock  tube  required  measurement  of  source  pressure¬ 
time  histories  and  measurement  of  the  contribution  of  particulate 
matter  to  the  damage  experienced  by  M-X  structures  located  downstream 
in  the  test  bed.  Uuoer  contract  DNA  001-77-C-0219,  SRI  International 
provided  support  to  the  AFWL  by  designing,  testing,  and  fielding 
instrumentation  to  perform  these  measurements.  Pressure-time  measure¬ 
ments  were  made  on  DABS,  S2  and  particulate  samplers  were  fielded  on 
DABS,  S3. 

The  scope  of  the  instrumentation  development  was  confined  to 
adapting  existing  techniques  to  function  in  the  extreme  ranges  expected 
in  the  DABS  tests.  For  the  source  measurements,  a  piezoresistance 
gage,  formerly  used  for  the  measurement  of  high  stresses  in  soils, 
was  modified  to  function  at  considerably  lower  pressures.  For  sampling 
of  particulate  matter,  explosively  closed  flow  samples  were  modified 
to  function  at  pressures  considerably  higher  than  in  past  work  by 
extending  their  range  of  operation  from  -  2  to  -  1  MPa.  This  report 
describes  the  previous  status  of  the  instruments,  the  modifications 
made,  preshot  tests,  the  DABS  field  configuration,  and  the  results. 

An  analysis  of  the  failure  of  portions  of  the  flow  sampler  is  also 
given. 
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2 .  BACKGROUND 


Pressure  Gages 

The  objective  of  measuring  the  pressure-time  histories  in  the 
DABS  source  region  was  to  provide  data  for  comparison  with  calculations 
of  the  close-in,  high  pressure  air  shock  produced  by  an  array  of 
individual  explosive  charges.  The  ability  to  calculate  this  region 
correctly  aids  in  selecting  configurations  that  will  produce  specific 
downstream  loading  of  test  structures.  Of  particular  interest  were 
the  scalar  and  vectorial  variations  in  the  air  shock  and  also  the 
relative  arrival  times  of  the  air  shock  and  detonation  gases. 

Knowledge  of  these  parameters  and  development  of  techniques  to  measure 
them  were  to  be  used  in  designing  and  testing  other  arrays.  In  addition 
it  was  expected  that  a  comparison  of  waveforms  in  this  high  pressure 
region  with  those  obtained  downstream  at  lower  pressures  would  help 
to  determine  the  source  of  a  second  pressure  pulse  observed  in  the 
latter  region  on  previous  DABS  tests.  The  source  of  this  pulse  was 
postulated  as  either  the  detonation  gases  or  particulate  matter 
entrained  in  the  flow. 

Preshot  calculations  indicated  that  pressures  might  range  from 
ten  to  several  hundreds  of  megapascals  and  would,  therefore,  be  beyond 
the  range  of  conventional  air  shock  instrumentation.  To  achieve  the 
wide  range  required  in  measuring  source  pressures,  we  modified  a 
standard,  high  pressure  shock  transducer  (the  steel  flatpack  gage) 
conventionally  used  for  measuring  stresses  in  soils.  The  modification 
consisted  of  repackaging  and  calibrating  at  the  lower  pressures. 

Details  of  the  modification  are  discussed  in  Section  3. 

Of  particular  concern  in  adapting  the  ytterbium-steel  flatpack 
to  the  low  pressure,  long  duration  measurements  were  the  sensitivity 
of  the  piezoresistance  coefficient  to  the  tensor  state-of-strain  and 
also  to  strain  rate.  These  aspects  of  the  response  of  a  piezoresistance 


6 


sensor  were  considered  as  possibly  detrimental  in  this  application, 
but  were  offset  by;  1)  the  prospect  of  low  electrical  noise  levels 
of  a  low  impedance  sensor  in  an  environment  of  high  EM  signals,  and 
2)  the  fast  response,  and  the  mechanical  ruggedness  of  piezoresistance 
gages.  To  identify  design  requirements,  we  first  reviewed  the  current 
status  of  ytterbium  gages.  This  review  is  summarized  below. 

Smith  et  al.1  showed  that  at  low  stresses,  piezoresistance  gages 
can  indicate  apparent  negative  stress  and  postulated  the  source  as 
bending  (tensile)  strains  in  the  sensor  package.  Ginsberg  et  al.2 
quantified  the  tensile  response  in  uniaxial  stress  and  found  an 
initially  negative  change  in  resistance  (ytterbium  exhibits  a  positive 
change  in  compression)  to  a  maximum  of  -  -27,.  Upon  further  tensile 
strain,  the  resistance  change  became  positive.  These  data  are  a 
manifestation  of  the  sensitivity  of  piezoresistance  sensors  to  the 
tensor  state  of  strain;  t ha t  is.  the  gage  output,  a  scalar  quantity, 
is  not  uniquely  related  to  one  component  of  the  stress  tensor.  These 
tensile  experiments2  were  performed  at  strain  rates  of  the  order  of 
101S~1,  whereas  the  compression  response  was  determined  under  uniaxial 
strain  at  rates  of  the  order  of  10 'S  1 .  Since  loading  in  dynamic 
soil  and  air  shocks  is  generally  at  intermediate  rates,  it  is  necessary 
to  determine  rate  effects  as  well  as  tensor  strain  sensitivity. 

De  Carli2  performed  static  stress,  low  strain  rate,  calibration  of 
gages  consisting  of  ytterbium  in  an  epoxy-f iberglas  matrix  and 
ytterbium  stressed  between  plastic  (PMMA)  plattens.  These  results 
and  other  calibrations  were  reviewed  by  Keough.3  The  conclusion  was 
that  in  compression,  either  shock  loaded  (in  uniaxial  strain)  or 
static,  in  which  the  strain  state  was  not  well  defined,  variations 
of  ±  15%  in  resistance  existed  at  a  given  applied  stress.  This 
variation  increased  to  50%  or  more  if  large  strains  were  coupled  to 
the  ytterbium  by  plastic  flow  of  the  encapsulant.  In  the  work  reported 
in  reference  2,  such  strains  were  introduced  at  -  80  MPa  by  yielding 
of  the  PMMA  plattens. 


Hydrostatic  compression  data4  show  a  response  of  ytterbium  higher 
than  the  uniaxial  strain  at  stresses  (pressures)  below  -  500  MPa  and 
lower  at  higher  levels.  Ginsberg  el  al.  attempted  to  relate  the 
two  coefficients  obtained  from  the  two  loading  conditions  by  analyzing 
the  piezoresistance  strain  tensor,  using  residual  resistance  data 
obtained  from  a  measurement  of  hysteresis.  The  residual  resistance 
was  used  to  define  the  change  due  to  mechanical  yielding  of  the 
ytterbium.  However,  as  pointed  out  by  Gupta  and  Keough,;  the  tests 
from  which  these  data  were  obtained  did  not  represent  a  strain-free 
state  in  the  sensor  after  stress  cycling;  that  is,  release  to  zero 
compressive  stress  in  a  uniaxial  strain  shock  experiment  does  not 
require  all  principal  stresses  to  be  zero. 

In  view  of  the  uncertainties  and  possible  ambiguities  that  might 
result  in  the  reduction  of  resistance-time  data  to  pressure-time 
data,  it  was  decided  to  restrict  the  strain  state  in  the  sensor  of 
the  DABS  gages  to  as  close  to  uniaxial  as  possible  by  the  gage  con¬ 
figuration  and  then  perform  a  few  static  calibration  tests  to  evaluate 
the  adequacy  of  the  design.  The  static  tests  could  also  be  compared 
with  shock  results  to  determine  possible  rate  effects.  The  results 
of  these  tests  are  described  in  Section  3. 

Flatpack  Gage 

The  general  construction  of  the  flatpack  gage  is  shown  in  Figure 
1.  This  configuration  was  originally  designed  to  prevent  gage  failure 
under  compression  loading  due  to  loss  of  electrical  leads  by  shorting 
through  sheafing  or  loss  of  continuity  by  failure  at  sensor-cable 
joints.6  To  prevent  failure,  all  elements  of  the  gage  (sensor,  leads, 
insulator,  and  outer  casing)  were  constructed  with  a  high  aspect 
ratio;  i.e.,  the  thickness  (in  the  shock  direction)  was  typically 
less  than  l/20th  of  the  width  (in  the  plane  of  the  shock).  With  this 
configuration,  particle  velocity  equilibrium  in  all  elements  of  the 
gage  is  achieved  by  more  or  less  uniaxial  strain  deformation  (in  the 
O  direction  of  Figure  1).  The  high  aspect  ratio  is  maintained  in  the 
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FIGURE  1  BASIC  FLATPACK  CONFIGURATION 


lead  portion  of  the  gage  in  regions  where  the  stresses  are  expected 
to  be  high  and  is  used  to  form  a  transition  to  spatially  separated 
regions  where  the  stress  is  low  enough  to  allow  the  use  of  conventional 
cables . 


During  later  development  of  this  gage,  it  became  apparent  that 
materials  of  high  modulus  and  low  Poisson's  ratio  were  required  for 
the  gages'  outer  casing  to  minimize  lateral  strains  in  the  piezo¬ 
resistance  sensor.  In  the  early  stages  of  development,  gage  casings 


were  constructed  of  A1  0  ,  but  proved  unsatisfactory  because  of  fracture 
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during  loading.  Steel  was  substituted  and  proved  satisfactory  for 


measuring  high  stresses  (2  GPa)  in  soil  without  failure.  Recovery 
experiments  with  steel  and  with  aluminum  casings  shocked  to  ^  2  GPa 
showed  that  a  larger  lateral  deformation  occurred  in  the  aluminum 
and  caused  gage  failure.  The  casing  mechanical  properties  as  well 
as  geometry  were  therefore  an  integral  part  of  gage  design. 

The  essential  conclusions  from  prior  work  on  the  flatpack  gage 
pertinent  to  the  DABS  measurements  were  therefore: 

•  A  design  having  a  high  aspect  ratio  should  survive  the  DABS 
environment . 

•  Steel  strips  should  be  used  for  the  gage  casing. 

•  The  gage  must  be  constructed  to  assure  a  known  strain  in 
the  sensor. 

•  The  final  gage  package  should  be  calibrated  at  low  pressures 
and  low  strain  rates. 

•  Tensile  strains  must  be  minimized. 

Flow  Samplers 

The  particle  flow  samplers  proposed  for  the  DABS  shock  tube  are 
based  on  the  concept  that  a  volume  of  the  flow  ('v  1.6  liters)  is 
trapped  in  a  cylindrical  tube  by  simultaneous  closure  of  both  ends 
of  the  cylinder,  as  shown  schematically  in  Figure  2  and  pictorially 
in  Figure  3.  The  concept  is  an  adaptation  of  a  tube  closure  system 
used  by  Lockheed  Aircraft  Corporation.  Modifications  for  supersonic 
flow  are  described  by  Witherly.e  Critical  to  trapping  of  particulate 
matter  in  the  flow  are  the  aerodynamics  of  the  flow  at  the  upstream 

10 


•  ■*»**'*.■  AJ-G&. !■»*' 


ATTACHED 


MA-6334-12 
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FIGURE  3  FLOW  SAMPLER  ASSEMBLY,  REFERENCE  8 
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opening  and  in  the  tube.  The  leading  edge  must  be  designed  to  assure 
that  an  attached  shock  is  formed  close  enough  to  the  tube  that  the 
particle  trajectory  is  undisturbed  until  the  particles  enter  the  tube. 
This  allows  sampling  of  the  "free  stream"  particulate  matter.  It 
is  also  necessary  to  reestablish  velocity  equilibrium  between  the 
gas  and  particles  in  the  region  between  closures  to  prevent  changes 
in  concentration  of  the  samples.  Design  parameters  to  meet  these 
criteria  had  been  determined  From  an  analysis  of  gages  developed  to 
measure  dust  momentium  flux.9  In  the  referenced  work  the  closely 
attached  shock  was  controlled  by  tapering  the  leading  edge  of  the 
cylinder.  Velocity  equilibrium  was  found  to  be  reestablished  within 
three  tube  diameters. 

Simultaneous  closure  of  the  ends  of  the  cylinder  is  accomplished 
by  collapsing  a  section  of  each  end  of  the  tube  by  circumferentially 
wrapped  sheet  explosive.  Closure  time  is  short  compared  with  the 
flow  transit  time  between  explosive  charges.  For  a  5-cm-O.D.  tube, 
this  time  is  approximately  30  ps.  The  minimum  dust  concentration 
obtainable  with  this  system  is  about  1  mg/cm3.  Branched  primacord, 
as  shown  in  Figure  3,  is  used  to  initiate  both  closures  from  a  single 
source.  Specific  features  of  the  mounting  hardware  and  explosive 
closure  assemblies  for  samplers  used  in  prior  work  are  described  by 
Witherly.8  The  primary  effort  in  the  present  program  was  to  modify 
the  existing  design  for  use  at  the  higher  pressures  and  higher  Mach 
numbers  expected  in  the  DABS  shock  tube.  These  modifications  and  the 
test  results  are  described  in  the  following  section.;. 


1  3 


3.  MODIFICATIONS  FOR  DABS  MEASUREMENTS 


Pressure  Gages 

The  flatpack  gage  constructed  for  the  DABS  S2  event  is  shown  in 

Figures  4,  5,  and  6.  The  gage  consists  of  a  20-fi,  ytterbium  grid  of 

* 

5  x  7.5  cm  and  etched  from  0 . 005-cm-thick  foil.  This  material  with 
a  known  metallurgical  history  has  been  characterized  by  Ginsberg/ 
Electrical  leads  0.005  cm  thick  by  0.635  cm  wide  were  spot  welded 
to  the  ytterbium  before  etching  of  the  grid.  This  sensor  assembly 
was  then  bonded  to  a  layer  of  Kapton^  adhesive  tape,  0.005  cm  thick 
and  5  cm  wide.  This  tape  was  bonded  to  a  thick  steel  backing  plate 
(0.635  cm  thick,  10  cm  wide  and  122  cm  long)  as  shown  in  Figures 
4  and  5.  Details  of  the  grid  area  are  shown  in  Figure  5.  Particular 
care  was  taken  assembling  the  insulating  tape  layers  (two  on  each 
steel  strip)  to  assure  bubble  free  bonding.  This  was  accomplished 
by  rolling  out  trapped  air.  A  0. 16-cm-thick  by  7.5-cm-wide  cover 
plate  (shown  in  Figure  5)  was  welded  to  the  thick  backing  plate  to 
form  a  completed  gage  assembly,  as  shown  in  Figure  6. 

The  cover  and  backing  plates  performed  several  functions.  The 
cover  acted  as  a  diaphragm  in  contact  with  the  foil-Kapton  sensor. 

Its  thickness  and  lateral  dimensions  were  chosen  so  that  its  deflection 
at  all  pressures  of  interest  was  greater  than  the  composite  change 
in  the  thickness  of  the  interior  gage  components,  i.e., 

(Atc)p  <  6p  (1) 

where  t  is  the  total  thickness  of  the  composite,  <5  is  the  deflection, 

* 

Foil  obtained  from  Research  Chemicals,  Inc.,  Phoenix,  Arizona. 

Du  Pont  trademark  for  polyimide  plastic. 
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FIGURE  4  YTTERBIUM-STEEL  GAGE  ASSEMBLY,  COVER  PLATE  REMOVED 


FIGURE  5  GRID  LOCATION,  YTTERBIUM-STEEL  GAGE 
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FIGURE  6  COMPLETED  GAGE  ASSEMBLY 


and  P  is  the  applied  pressure.  If  we  assume  uniaxial  strain  (as 
indicated  by  our  calibration  tests)  then,  in  the  elastic  response 
region,  the  change  in  thickness  is: 


where  k  and  y  refer  to  Kapton  and  ytterbium,  respectively,  and  X  and  p 
are  the  Lame  constants. 

To  obtain  maximum  thickness  for  the  diaphragm  to  assure  loading 
of  the  ytterbium,  we  arbritrarily  set  the  deflection  so  that  the 
diaphragm  supports  <  1%  of  the  load,  then 


For  a  rectangular  diaphragm  fixed  at  the  edges,  which  approximates 
a  worst  case  for  our  gage  configuration,  the  diaphragm  deflection  is 
given  by10 


<5  =  a 


i 


(5) 


where  a  is  a  constant,  which  for  our  geometry  and  material  (steel) 
equals  0.019,  b  is  the  smaller  rectangular  dimension  of  the  diaphragm, 

E  is  Young’s  modulus,  and  h  its  thickness.  Thus  the  maximum  thickness 
permissible  for  our  arbitrary  condition  of  equation  (4)  is  given  by; 


h 

’max 


(6) 
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In  our  configuration,  b  =  7.5  cm2,  E  =  20  x  1011  dynes/cm2, 

X  =  0.526  x  1011  dynes/cm2,  y  =  0.143  x  10u  dynes/cm2;  therefore, 
the  diaphragm  thickness  h  must  be  less  than  0.8  cm.  In  the  DABS 
gages,  this  dimension  was  made  about  one-quarter  this  thickness,  or 
0.16  cm,  to  assure  adequate  response  and  to  use  readily  available  steel. 

Since  the  gage  is  bonded  to  the  backing  plate,  this  plate  must 
be  rigid  enough  that  the  gage  resistance  change  induced  by  bending 
strain  is  considerably  less  that  that  induced  by  compressive  strain 
in  the  thickness  direction.  Acceptable  minimum  thickness  can  be 
found  by  considering  Ginsberg's  data'  for  the  tensile  and  uniaxial 
strain  compression  sensitivities  of  ytterbium  and  estimating  the 
tensile  strain  for  our  configuration. 

Approximating  the  compression  and  tensile  response  of  ytterbium 
by  the  linear  functions. 
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where  N  =3  I2/J2;  N  =  3.09  x  10  “  fi/fi  MPa,  R  is  gage  resistance, 

l  2 

e  is  the  strain,  and  subscripts  B  and  C  refer  to  bending  and  compres¬ 
sion,  respectively.  Limiting  the  tensile  strain  signal  to  <  1%  of 
the  compressive  strain  signal,  then 


100 


AR 


(9) 


and 


N 

Eg  =  10~2  P  =  KP  (10) 
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If  we  approximate  the  tensile  strain  by  linear  deflection  of  the 
bottom  plate. 


Ab 

'B  b 
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(ID 


then 


6  =  -y  £  K2P2  +  2KP 
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(12) 


From  equation  (5), 


min 
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(13) 


where  h  is  the  minimum  bottom  plate  thickness  for  conditions  of 


min 


equation  (9),  and  therefore 


,  .  i/3  | 

1/2  -1 

h  =  ( 

(  K?P:  +  2Kp) 
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1  E  /  ; 
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For  a  maximum  expected  pressure  of  100  MPa,  h  0.56  cm.  The 

‘min 

bottom  plate  of  our  gage  configuration  was  made  0.635  cm. 

The  rather  large  foil  area  of  5  by  7.5  cm  was  dictated  by  the 
need  to  reduce  joule  heating  resulting  from  the  relatively  high  currents 
(5  A)  and  long  durations  (100  ms)  required  to  obtain  adequate  signal 
levels  and  long  recording  at  the  low  pressures.  The  joule  heating 
causes  baseline  drift  and,  if  too  large,  can  saturate  the  recording 
instrumentation.  The  area  chosen  allowed  a  drift  of  <  2  MPa  ms. 

Pressure  calibration  of  the  completed  gage  assembly  was  accomplished 
with  a  hydraulic  press.  However,  three  problems  were  encountered; 
uniformity  of  the  coupling  between  the  rams  of  the  press  and  the  steel 
casing  of  the  gage,  difficulty  of  measuring  the  actual  area  of  coupling, 
and  separation  of  pressure  induced  resistance  changes  from  thermal  and 
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tensile  strain  changes.  To  achieve  uniform  coupling,  a  high  compliance 
material  is  necessary  because  the  gage  is  sensitive  to  the  tensor  state 
of  strain  in  the  ytterbium.  Rigid  coupling  with  low  compliance 
materials,  such  as  steel  plattens,  produces  bending  strains  in  the 
gage  package  and  tensile  strains  in  the  sensor,  which  result  in  an 
initially  negative  change  in  resistence  with  applied  load.  Best 
results,  i.e.,  monotonically  increasing  resistance  with  increasing 
load,  were  obtained  by  using  a  rubber  pad  as  the  high  compliance 
material  between  the  upper  platten  and  gage  diaphragm.  Compression 
and  deformation  of  the  rubber,  however,  caused  two  problems.  It 
decreased  the  accuracy  of  measurement  of  the  area  of  coupling  and  it 
permitted  the  platten  to  contact  the  edge  welds  of  the  gage  and  bridge 
the  load  applied  to  the  diaphragm  at  pressures  above  about  8  MPa. 

This  limited  the  upper  range  of  our  calibration.  Although  this  value 
is  below  the  proposed  level  of  the  DABS  source,  the  calibration  was 
considered  adequate  as  discussed  below.  The  lower  limit  was  determined 
by  a  combination  of  effects;  the  bending  strain,  recording  instrument 
resolution,  and  by  the  temperature-induced  changes  in  the  resistance 
of  ytterbium.  This  limit  was  about  2  MPa,  which  represented  a 
resistance  change  of  1  part  in  2000.  For  ytterbium,  this  is  equivalent 
to  a  temperature  change  of  about  0.2°C  or  a  tensile  strain  of  'V  0.02%. 
For  the  expected  lower  range  of  the  DABS  environment,  this  pressure 
calibration  was  adequate. 

The  calibration  obtained  for  the  DABS  configuration  is  shown  in 
the  pressure-resistance  plot  of  Figure  7.  Also  shown  is  an  extra¬ 
polation  of  the  high  stress,  shock,  one-dimensional  strain  data  of 
Ginsberg  et  al.^  for  0.005-cm-thick,  unannealed  foil  (obtained  from 
Research  Chemical  Corporation).  It  can  be  seen  that  the  extrapolation 
adequately  fits  our  static  compression  data  for  the  DABS  gage  con¬ 
figuration.  The  error  bars  on  the  data  are  mainly  due  to  the  inaccuracy 
in  determining  the  area  over  which  the  load  was  applied.  The  lowest 
data  point  in  the  shock  calibration  of  reference  2  was  'v  500  MPa. 

The  DABS  data  (see  Section  A)  fell  within  the  two  calibrations. 

Because  of  the  good  agreement  between  the  two  calibration  ranges 
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PRESSURE  (MPa) 


FIGURE  7  YTTERBIUM-STEEL  GAGE  LOAD-UNLOAD 
STATIC  RESPONSE 


and  the  difficulty  of  performing  an  accurate  low  pressure  calibration 
on  each  gage,  we  used  the  one-dimensional  shock  calibration  for  the 
reduction  of  the  DABS  data. 

Several  additional  aspects  of  our  calibration  are  worth  noting. 
First,  the  strain  rate  was  approximately  lC^S  1  compared  with  105S  1 
for  the  shock  loading.  The  response,  however,  is  described  adequately 
by  the  same  piezoresistance  coefficient,  indicating  that  there  are 
no  strain  rate  effects.  Second,  the  agreement  between  the  two  sets 
of  data  indicates  that  the  precautions  taken  to  assure  one-dimensional 
strain  compression  in  the  steel  flatpack  configuration  were  successful 
and  that  previous  low  pressure  static  calibration  data,2  in  which 
large  deviations  from  the  shock  data  were  seen,  probably  resulted 
from  ill-defined  and  nonuniaxial  strain  states  in  the  sensor.  These 
were  probably  coupled  to  the  ytterbium  from  the  lateral  deformation 
of  the  gage  packages  (fiberglas  or  plastic)  as  pointed  out  previously.3 

As  can  be  seen  from  the  calibration  data  of  Figure  7,  the  resis¬ 
tance  change  expected  in  the  range  of  10  to  100  MPa  is  from  3  x  10  3 
to  3  x  10  2  fi/f)  or  for  the  20-Q  grid,  a  resistance  change  of  0.06  to 
0.6  9.  Because  of  these  low  values,  we  powered  the  gages  in  a  pulsed 
bridge  supply.  These  supplies  have  been  adequately  described 
elsewhere.11  To  reduce  ground  signals  between  gages  and  recording 
instrumentation,  the  gages  and  coaxial  shield  of  the  cables  (RG174U) 
were  electrically  floated,  and  both  leads  of  the  gage  were  insulated 
from  the  gage  casing.  In  addition,  a  jointed,  steel  tubing  system 
was  constructed  to  protect  the  cable  from  the  high  pressure  blast 
environment.  A  section  of  one  is  shown  in  Figure  6  at  the  rear  of  the 
gage.  It  consists  of  lengths  of  standard  high  pressure  tube,  ^  0.635  cm 
O.D.  by  0.16  cm  wall  with  tapered  joints.  The  tubing  was  welded  at 
intervals  to  flat  steel  plates,  which  were  welded  to  the  steel  floor 
of  the  DABS  source  chamber. 

The  triggering  and  recording  system  for  DABS  S2  is  shown  in 
Figure  8.  An  electrical  signal  was  derived  from  the  primacord  HE  DABS 
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FIGURE  8  TIMING  AND  RECORDING  SYSTEM  FOR  PRESSURE  GAGES,  DABS  S2 


source  initiator,  shaped  by  an  SRI  pulse-shaping  circuit,  and  then 
applied  simultaneously  to  trigger  the  gage  power  supplies  and  recording 
oscilloscopes  and  to  indicate  zero  time  on  the  tape  recorders. 

Flow  Samplers 

As  described  above,  the  mission  of  the  flow  samplers  was  to  trap  a 
volume  of  the  flow  at  a  prescribed  time  after  passage  of  the  shock  front 
and  at  a  fixed  location  along  the  DABS  shock  tube.  The  existing  sampler 
design  had  been  used  at  considerably  lower  shock  pressures;  therefore, 
the  major  effort  of  the  present  program  was  to  identify  and  redesign 
portions  felt  inadequate  for  the  high  pressures. 

We  examined  three  areas:  protection  of  the  primacord  firing  system, 
bending  of  the  sampler  tube  forward  of  the  first  explosive  closure,  and 
methods  of  supporting  the  samplers  in  the  DABS  shock  tube.  All  three 
areas  had  been  the  source  of  failure  of  tubular  systems  in  high  pressure 

shock  tube  studies.  The  vrimacord  vulnerability  was  a  problem  in  one 

.  -  .  1* 

previous  field  test  of  similar  flow  samplers  at  lower  pressure,  and 

tube  bending  and  support  structure  failure  occurred  in  air-stagnation 
measurements  by  the  AFWL  on  DABS,  SI. 

In  the  DABS  S3  tube,  it  was  desired  to  sample  volumes  of  flow 
u  10  ms  and  16  ms  after  arrival  of  the  shock  at  stations  where  second 
shocks  had  been  observed  in  DABS  SI.  These  stations  were  19  and 
26  m  from  the  source  array,  and  the  expected  peak  pressures  were 
about  7  MPa.  It  was,  therefore,  necessary  to  protect  the  flow  samplers 
through  a  period  of  high  pressure  flow  and  possibly  high  erosion  from 
particulate  matter.  This  dictated  that  the  explosive  system  be  covered, 
which  was  acceptable  for  the  primacord  but  not  for  the  closure 
assemblies.  A  shroud  over  the  primacord  could  easily  contain  the 
products  from  the  primacord;  however,  a  cover  over  the  closures  would 
result  in  metal  fragments  that  might  damage  other  instruments  at  these 
stations.  A  compromise  was  achieved  by  placing  a  shroud  over  the 
primacord  only  as  shown  in  Figure  9,  and  using  glass  tape  over  the 
closure,  the  tape  being  used  to  protect  from  erosion  only.  In  addition, 

T 

W.  Wilkinson,  "Sampling  of  Dust  Lofted  by  Air  Blast  Waves,  Dust  Sampling 
on  Middle  Gust  It.  Final  Report,  Stanford  Research  Institute,  Menlo  Park, 
CA  (May  1972). 
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the  metal  parts  used  in  prior  designs  of  the  HE  closure  portions 
were  changed  to  plastic  to  reduce  th*  threat  of  metal  fragments. 

The  final  configuration  of  this  HE  closure  ring  assembly  (minus  the 
tape)  is  shown  in  Figure  10.  It  consists  of  a  thimble-shaped  collar 
around  which  sheet  explosive  (0.05  cm  thick  EL506  D)  is  wrapped  (not 
shown)  and  detonated  from  one  edge  (0.48-cm  hole  shown  in  the  end 
view)  bv  a  cap  and  primacord.  Preshot  tests  of  this  modification 
showed  that  complete  closure  was  obtained  without  rupture  or  fracture 
of  the  tube  as  shown  in  Figure  11.  This  type  of  sealing  results  if  a 
buffer  such  as  the  plastic  thimble  is  used  between  the  explosive  and 
the  pipe. 

To  stiffen  the  upstream  extension  of  the  flow  sampler,  we  added 
a  tapered  collar  (Figure  8).  This  was  locked  in  place  by  screws  and 
a  keyway  in  the  sampler  tube.  In  addition,  provision  was  made  for 
bolting  the  collar  to  the  mounting  stand  (not  shown). 

The  stand  and  mounting  configuration  for  the  DABS  environment 
were  of  major  concern.  Requirements  that  affected  the  mounting  stand 
design  were  as  follows: 

•  The  samplers  must  measure  free-field  flow  conditions,  i.e., 
away  from  possible  boundary  layer  disturbances  that  might 
alter  the  particulate  matter  concentration. 

•  The  allotted  location  was  off  the  axis  of  the  shock  tube, 
resulting  in  possible  large  lateral  stresses  in  the  support 
system. 

•  The  expected  pressures  (external)  on  the  shroud  might  be  as 
high  as  7  MPa . 

To  meet  the  free-field  flow  condition,  the  axis  of  the  sampler 
had  to  be  at  least  1  m  from  tiie  shock  tube  wall  and  floor.  This 
required  a  substantial  support  system  to  withstand  the  large  rotational 
moment  and  lateral  force.  Attempts  to  modify  an  existing  pylon  design 
used  by  the  AFWL  resulted  in  a  structure  that  was  too  massive  and 
expensive  for  the  DABS  test.  Although  considerable  design  effort 
was  spent,  this  concept  was  abandoned  in  favor  of  a  simpler  and  less 
expensive  "pipe"  support  system.  The  final  "pipe"  stand  is  shown  in 
Figure  12.  It  consists  of  three  "A"  frames  supporting  a  steel  base 
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CROSS  SECTIONAL  VIEW  OF  EXPLOSIVELY  CLOSED 
SAMPLER  TUBE 


plate  (1.9  by  35.6  by  96  cm)  to  which  two  flow  samplers  are  bolted. 
The  upstream  "A"  frame  of  each  stand  was  constructed  from  10-cm- 
diameter  thick-walled  pipes.  The  ”A"  frames  are  supported  by  angled 
support  pipes  as  shown.  The  base  of  the  supports  are  cast  into  a 
1  by  1  by  2  m  reinforced  concrete  base.  Two  stands  and  bases  were 
constructed  and  installed  by  the  AFWL,  one  at  the  20-m  station  and 
one  at  the  28.5-m  station,  as  shown  on  the  plan  view  of  Figure  13. 
Detonator  cables  were  emplaced  during  installation  of  the  pipe  stand 
The  electronic  detonator  units  (EDU)  were  located  outside  the  DABS 
berm. 

The  timing  and  firing  circuit  is  shown  in  Figure  14.  A  signal 
derived  from  the  DABS  HE  source  was  shaped  to  lower  its  source 
electrical  impedance,  delayed  by  10  and  28  ms,  then  used  to  trigger 
the  EDUs  and  recorded  on  magnetic  tape. 


4.  DABS  RESULTS 


DABS  S2,  Source  Pressure 

Six  flatpack  steel-ytterbium  pressure  gages  were  installed  on  the 
floor  of  the  source  chamber  at  locations  shown  in  Figure  15.  Cable 
protective  tubing  was  extended  to  the  rear  of  the  steel  flooring,  at 
which  point  a  transition  was  made  to  RG213U.  The  transition  splice 
and  cabling  were  buried  in  a  30-cm-deep  trench  and  exited  the  wall 
of  the  tube  beneath  the  edge  foundations. 

The  cable  of  gage  9023  developed  an  electrical  short  between  the 
cable  shield  and  local  ground  at  the  source  chamber  after  welding  of 
the  protective  tube  base  plates  to  the  steel  floor.  Because  this  con¬ 
dition  violated  our  single  point  (trailer)  grounding  plan,  we  dis¬ 
connected  this  gage  and  it  was  not  used. 

Pressure-time  data  were  obtained  from  the  five  remaining  gages. 
Reduced  pressure-time  traces  are  shown  in  Figures  16(a)  through  (e) . 
Reduction  from  raw  data  supplied  by  AFWL  consisted  of  converting  voltage 
to  pressure,  defining  the  zero  pressure  voltage  level,  and  subtracting 
the  baseline  shift.  The  latter  two  steps  are  necessary  when  using  a 
pulsed  bridge  supply  at  high  sensitivities.  The  deviation  from 
electrical  zero  voltage  was  caused  by  minor  changes  in  bridge  balance 
as  a  result  of  thermally  caused  changes  in  cable  resistance  (v  460  m 
of  exposed  cable).  Baseline  shift  during  the  measurement  was  caused 
by  joule  heating  of  the  gage  and  was  determined  before  the  pressure 
measurement.  This  shift  was  constant  for  each  gage  and  power  supply. 
Zero  time  in  these  records  was  taken  as  primacord  initiation.  Because 
the  primacord  was  so  close  to  the  gages,  it  was  felt  that  it  might 
influence  the  gage  readings;  however,  this  influence  appears  to  be 
minimal,  as  discussed  below. 
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FIGURE  15  PLAN  VIEW  OF  PRESSURE  GAGE  LAYOUT,  DABS  S2 
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FIGURE  16  PRESSURE-TIME  PROFILES  DABS  S-2,  GAGE  0001 
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FIGURE  16  PRESSURE-TIME  PROFILES.  DABS  S-2.  GAGE  0002  (Continued) 


FIGURE  16  PRESSURE-TIME  PROFILES,  DABS  S-1,  GAGE  9023  (Continued) 


DABS  S-1 
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FIGURE  16  PRESSURE-TIME  PROFILES,  DABS  S-2,  GAGE  9024  (Concluded) 


The  general  characteristics  of  the  data  are: 


•  An  initial  air  shock  followed  by  a  significantly  higher 
amplitude  shock.  This  is  most  clearly  seen  in  the  records 
from  gages  0001,  0002,  and  9024. 

•  A  periodicity  to  successive  pressure  spikes  (gages  0002, 

9023,  and  9024). 

•  A  prolonged  positive  voltage  (pressure)  offset  at  late  times 
for  the  gages  at  1  m  (0001  and  0002),  which  does  not  occur 
in  the  3  m  gages. 

•  A  large  voltage  transient  on  all  gages  approximately  3.7  m 
after  zero  time. 

•  Very  low  noise  level  (the  low  amplitude  periodic  nature  is 
a  result  of  the  digital  plotting  routine  used  in  reducing 
the  data) . 

•  Very  long  recording  (Figure  16  shows  only  the  initial  few 
milliseconds;  gage  life  extends  well  beyond  the  voltage 
transient) . 

The  records  were  analyzed  on  the  basis  of  a  double  shock  and 
interpreted  as  an  initial  air  shock,  followed  by  what  appears  to  be 
the  contact  surface  between  explosive  gases  and  air.  Peak  pressures 
and  velocities  of  the  two  shocks  are  shown  in  Table  1.  The  data  are 
consistent;  the  higher  shock  velocities  are  associated  with  higher 
peak  pressures.  Both  velocity  and  pressure  data  indicate  that  the 
pressure  is  higher  along  the  center  line  of  the  chamber  and  that  the 
front  is  slightly  skewed,  *  5% .  Peak  pressures  in  the  air  shock 

range  from  30  to  60  MPa,  about  as  expected  from  preshot  calculations 
(by  J.  Renick,  AFWL  ,  private  communication). 

An  apparent  discrepancy  was  found  between  calculated  and  observed 
velocity  of  the  initial  air  shock  as  measured  between  the  1-m  and  3-tn 
gages.  If  we  use  the  pressure  ratio  of  atmospheric  to  the  average 
of  the  first  peaks  together  with  the  strong  shock  approximation1'’  to 
calculate  velocity,  then  the  measured  average  velocity  of  the  first 
wave  is  approximately  60%  lower  than  calculated.  However,  using  the 
same  approximation,  the  second  wave  average  velocity  agrees  to  within 
10%  of  the  value  calculated  from  the  average  pressure  ratio,  first 
shock  to  second.  The  most  reasonable  explanation  for  the  discrepancy 
in  the  first  wave  is  that  the  source  chamber  is  prepressurized  by  the 
primacord.  For  the  calculated  velocity  to  agree  witli  the  observed 
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first  wave  velocity,  the  "ambient"  air  pressure  would  have  to  be 
increased  to  only  0.5  MPa  by  the  primacord.  An  approximate  calculation 
indicates  that  this  would  require  about  1.3  kg  of  PETN  explosive, 
which  is  reasonable  for  the  primacord. 

To  determine  if  the  pressure  peaks  and  oscillations  in  the  profile 
(about  a  250-ys  period)  are  valid,  we  examined  possible  sources  of 
the  observed  profile;  gage  response,  mounting  hardware,  and  explosive 
source.  The  gage  is  essentially  a  piezoresistance  foil  bonded  between 
a  thin  and  a  thick  steel  plate  and  backed  by  a  thick  steel  plate  and 
the  ground.  The  fundamental  resonances  in  the  gage  are  the  thickness 
and  length  modes  of  the  steel  plates.  In  the  thickness  mode,  the  time 
for  one  round-trip  of  an  acoustic  wave  is  about  24  Us.  Since  the  foil 
is  located  essentially  at  the  air-steel  interface  (within  0.25  ys),  it 
registers  the  interface  pressure  (witli  the  exception  of  a  0.25-ys 
duration  pulse  with  a  period  of  about  2  ys).  The  recorded  pulse 
widths  and  periods  are  orders  of  magnitude  longer  than  these  and  there¬ 
fore  the  gage  thickness  resonances  do  not  contribute  to  the  observed 
profiles.  The  fundamental  period  of  the  floor  of  the  chamber,  (about 
8  m  of  steel  plate)  is  about  eight  times  that  observed  in  the  profiles, 
and  the  period  associated  with  the  gage  length  is  about  twice  that 
observed.  The  measured  wave  structure,  therefore,  represents  fluc¬ 
tuations  in  air  pressure  and  is  probably  due  to  successive  shocks 
from  various  regions  of  the  source.  (The  frequency  is  too  high  for 
lateral  oscillations  in  the  shock  tube,  one  period  at  the  highest 
velocity  observed,  4.35  x  10f  m/s,  is  a,  1400  ys.) 

The  source  of  the  pressure  (voltage)  offset  of  the  1-m  gages 
has  not  been  determined.  It  does  not  appear  to  correlate  with 
permanent  changes  in  gage  resistance  measured  af ter  the  shot  (discussed 
below).  Possible  sources  are  temperature  effects  and  bending  of  the 
mounting  plate  witli  a  resultant  lateral  strain  in  the  gage  element. 
However,  we  cannot  assign  such  behavior  to  the  1-m  gages  and  not  to 
the  3-m  gages.  Because  of  the  offset,  any  required  impulse  calculations 
should  be  made  only  for  the  3-m  gages. 
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The  large  voltage  spike  at  about  3.7  ms.  Figure  16(a),  coincides 
with  the  arrival  of  the  first  wave  at  a  repair  splice  made  in  the 
cable  and  protective  tubing  of  gage  0001.  The  repair  was  made  because 
the  insulator  melted  before  the  shot,  possibly  as  a  result  of  some 
welding  performed  on  the  cable  support  tube  or  the  high  ambient 
temperature  (solar)  experienced  by  the  gages.  The  repair  consisted 
of  replacing  a  section  of  the  cable  and  covering  the  joint  with  an 
epoxy  sealer.  We  conclude  that  the  epoxy  coupled  the  pressure  to  the 
cable  and  that  the  high  pressure  tubing  is  necessary  at  these  pressures. 

The  general  absence  of  high  frequency  noise  indicates  adequate 
electrical  grounding  and  shielding.  At  higher  sensitivities,  however, 
the  low  frequency  baseline  shift  would  become  a  problem  and  would 
require  an  improved  system  for  recording  the  gage  resistance  change. 

Gage  resolution  is  within  a  few  megapascals.  Gage  accuracy  is 
approximately  ±  15%,  with  most  of  the  uncertainty  in  the  gage  pressure 
coefficient  of  resistance. 

All  gages  were  recovered,  and  postshot  resistance  measurements 
were  made  by  the  AFWL.  Pro-  and  postshot  values  are  given  in  Table  2. 


Table  2 

COMPARISON  OF  PRE-  AND  POSTSHOT  GAGE  RESISTANCES 


Peak 

Pressure  Resistance  (fl) 


Gage  No. 

(MPa) 

Preshot 

Postshot  r 

AR(%) 

0001 

76 

21.3 

10 

-53 

0002 

98 

21.4 

21.9 

+  2 

0003 

70 

20.0 

29.9 

+50 

9023 

71 

21.3 

21.6 

+  1.5 

9024 

56 

25.3 

27.1 

+3.2 

Measured  at  SRI. 

+ 

Measured  at  AFWL. 
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In  two  gages,  the  resistance  change  AR  is  50%  or  greater, 
indicating  major  damage  to  the  sensor  or  cable.  In  the  remaining 
three,  one  of  which  indicated  the  highest  recorded  pressure,  there 
was  essentially  no  change  in  resistance,  tending  to  confirm  the  lower 
pressure  static  calculation  data,  which  showed  no  measurable  hysteresis. 

DABS  S3,  Flow  Samplers 

Two  samplers  were  installed  at  each  of  the  two  locations  in  the 
DABS  S3  shock  tube.  EDU-initiated  signals  were  executed  as  designed 
at  20  ms  and  28  ms  and  recorded  on  magnetic  tape.  The  pipe  stand 
systems  survived  the  blast  pressures  as  shown  in  Figures  17  and  18. 

Of  the  eight  closure  systems  (four  samplers),  three  of  the  rear 
units  functioned  as  expected  and  one  rear  and  all  front  units  did 
not  function  (two  pinched  rear  closures  can  be  seen  in  Figure  17). 

The  failure  of  the  front  closures  was  apparently  caused  by  flexing  of 
the  sample  tubes  and  baseplate  as  the  shock  passed  over  the  assembly. 

An  analysis  of  the  evidence  leading  to  this  conclusion  is  given  in  the 
Appendix. 

Although  the  samplers  did  not  trap  the  volume  of  particulates 
representative  of  a  specific  region  of  the  flow,  it  was  felt  that 
useful  data  might  be  obtained  by  comparing  the  particulate  matter 
caught  by  the  samplers  that  partially  functioned  with  matter  in  the 
one  sampler  that  did  not  function.  Therefore,  all  four  samplers 
were  capped  at  the  DABS  site  and  returned  to  SRI.  A  visual  inspection 
and  sieve  analysis  of  the  contents  were  performed  with  the  following 
results . 

Samplers  1  and  2,  19-m  Stati on,  Rear  C losure s  Functioned .  The 
particle  size  distribution  of  the  material  collected  in  Samplers  1  and 
2  was  very  similar.  Figure  19  shows  the  distributions.  A  large 
fraction  (10%)  of  very  large  gravel  (0.5  to  1  cm)  was  observed.  Some 
fragments  of  charred  wood  chips  were  found  in  the  fractions  from 
0.04  to  0.2  cm  diameter.  A  small  amount  of  what  appears  to  be  soot  or 
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FIGURE  17  FLOW  SAMPLERS  (1  AND  2)  POSTSHOT,  STATION  19,  SHOWING  REAR  CLOSURE 
(PINCHED  PORTION)  AND  APPARENTLY  UNDAMAGED  STAND 
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FIGURE  19  PARTICLE  SIZE  DISTRIBUTION  OF  FLOW  SAMPLES  1,  2.  3,  4,  AND  CONTROL 


carbon  particles  was  found  in  the  fractions  below  0.04  cm  diameter. 

The  total  mass  in  sample  1  was  249  g;  sample  2  was  293  g. 

Sampler  3,  26-m  Station,  Rear  Closure  Functioned  The  particle 
size  distribution  of  the  material  collected  by  sampler  3  indicates 
a  higher  precentage  of  small  particles  than  that  of  samplers  1  and  2; 
only  4%  was  larger  than  0.5  cm  diameter.  Most  of  the  large  material 
was  wood  chips.  The  total  sample  was  46.4  g. 

Sampler  4,  26-m,  No  Closure  The  material  in  sampler  4  was  very 
fine,  no  material  over  0.5  cm  diameter.  The  sampler  contained  very 
few  wood  or  carbon  particles;  78.9  g  of  material  was  collected. 

Figure  19  also  shows  the  sieve  analysis  of  the  four  trapped 
samples  and  two  sampLes  of  dirt  collected  from  the  vicinity  of  the 
samplers  before  the  shot.  The  material  collected  in  the  upstream 
samplers  1  and  2  was  similar  to  the  control  samples,  but  showed  that 
large  particles  were  selectively  collected,  which  is  to  be  expected 
from  a  closed  tube  in  a  flow  field.  The  larger  particles  were  able 
to  enter  the  tube  because  of  their  high  inertia,  whereas  smaller 
particles  followed  the  air  flow  and  were  swept  around  the  tube. 

The  material  collected  in  the  downstream  samplers  3  and  4  was 
much  finer  than  that  collected  in  samplers  1  and  2,  and  much  less 
material  was  collected.  An  interesting  feature  of  these  downstream 
samplers  was  the  wood  chips  collected  in  sampler  3.  These  chips 
appear  to  be  bits  of  particle  board  like  that  used  to  mount  the  main 
explosive  charge.  If  these  chips  were  removed  from  the  distribution 
of  sampler  3,  the  particle  distribution  would  show  a  selectivity 
against  small  particles  as  shown  in  Figure  20.  This  would  be  consistent 
with  the  postulated  flow  around  the  closed  tube.  The  smaller  amount  of 
sample  collected  by  samplers  3  and  4  indicates  that  they  may  have  been 
shadowed  by  samplers  1  and  2,  which  would  also  account  for  the  lack  of 
large  particles  in  samplers  3  and  4.  However,  we  do  not  have  an 
explanation  for  the  wood  chips  found  in  the  downstream  sampler  3  but 
not  in  samplers  1  and  2. 
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smaller  than  indicated 

MA-6334  22 

FIGURE  20  PARTICLE  SIZE  DISTRIBUTION  OF  SAMPLES  3  AND  4 
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A  2-g  piece  of  what  appears  to  be  red  modeling  clay  was  caught 
in  the  rear  closure  of  sampler  2,  indicating  that  it  was  airborne 
21  m  down  the  tube  and  20  ms  after  the  main  charge  detonated. 

These  results  indicate  that  the  air  flowing  down  the  tube  behind 
the  blast  wave  is  heavily  loaded  with  large-diameter  soil  particles 
traveling  at  high  enough  velocity  to  enter  the  closed  end  sample  tubes, 
and  that  its  velocity  is  great  enough  that  the  upstream  stations 
shadow  the  following  stations. 

Analysis  of  flow  sampler  function  during  passage  of  the  shock 
wave  (see  Appendix)  indicates  that  the  base  plate  should  be  made  more 
resistant  to  bending,  perhaps  by  stiffening  in  the  thickness  direction 
as  with  an  I-beam.  Also,  the  primaecrd  system  should  be  more  firmly 
attached  to  the  HE  closure  ring.  Successful  closure  of  three  of  the 
systems  and  survivability  of  the  samplers  and  mounting  stand  indicate 
that  the  general  design  can  be  made  to  function  at  high  pressures. 
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Appendix 

CLOSURE  FAILURE  ANALYSIS 


Although  the  flow  samplers  and  support  stands  appeared  to  be 
undamaged,  closer  inspection  of  both  revealed  that  considerable  flexure 
must  have  occurred  during  passage  of  the  shock  wave.  The  sequence  of 
events,  as  postulated  from  the  evidence  given  in  Table  A.l,  is  as 
follows . 

Arrival  of  the  shock  wave  caused  the  baseplate  to  bend  upward, 
which  in  turn  caused  the  sampler  tube  to  bend.  The  front  clamp  was 
then  lifted  out  of  its  groove  and  forward  against  the  front  closure 
ring.  When  the  clamp  cleared  its  groove,  the  primacord  hole  in  the 
clamp  no  longer  matched  the  hole  in  the  closure  ring,  and  the  primacord 
was  torn  free  of  the  closure  explosive  charge.  The  misalignment  of  the 
holes  either  pulled  the  primacord  free  or  held  the  cord  immobile  so 
that  other  movement  of  the  clamp  and  ring  pulled  it  free.  After  the 
wave  passed  the  sampler,  the  pylon  relaxed  and  the  clamp  produced 
similar  compression  at  the  back  of  the  clamp  groove. 

On  samplers  1  and  3,  the  primacord  was  either  cut  or  pulled 
completely  free  of  the  closure  ring  because  the  closure  ring  was  intact 
On  samplers  2  and  4,  the  primacord  was  dislodged  (but  not  pulled  free 
of  the  closure  ring)  and  detonated,  as  evidenced  by  missing  portions 
of  the  closure  rings  and  by  carbon  deposits  on  the  remaining  portions. 


Table  A.l 


SAMPLER  FAILURE  EVIDENCE 


Sampler 

No . 

Physical  Evidence 

Figure 

1,2,3, 

4 

Front  closure  failed. 

a.  : 

4 

Rear  closure  failed. 

3 

Sampler  tube  bent  2°-4°  at  front  clamp. 

a.: 

1 

Nose  cone  moved  backward  1/8  to  3/8  inch. 
All  of  HE  closure  ring  remains,  but 
compressed  axially. 

a.: 

2 

Front  mounting  clamp  jumped  forward  out 
of  its  groove,  compressing  tube. 

A.  t 

2 

Rear  mounting  clamp  jumped  forward  out 
of  Its  groove,  compressing  tube. 

A. ! 

4 

Back  closure  ring  with  front  portion 
missing. 

A .  f 

2 

Marks  on  tube  indicate  axial  compression. 

a.; 
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FIGURE  A.2  SAMPLER  TUBE  3,  2-4°  BEND 


FIGURE  A.3  SAMPLER  1,  NOSE  CONE  REMOVED,  HE  RING  COMPRESSED  AXIALLY 


SAMPLER  TUBE  4,  BACK  CLOSURE  RING 


FIGURE  A. 7  SAMPLER  TUBE  2,  AXIAL  COMPRESSION 
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ATTN:  Code  L42-3 

ATTN:  Code  1740.5,  B.  Whang 

Naval  Construction  Battalion  Center 
ATTN:  Code  L08A 

Naval  Facilities  Engineering  Command 
ATTN:  Code  09M22C 

Naval  Research  Laboratory 
ATTN:  Code  2627 

Naval  Sea  Systems  Command 
ATTN:  SEA-09G53 

Naval  Ship  Engineering  Center 
ATTN:  Code  09G3 

Naval  Surface  Weapons  Center 
ATTN:  Code  F31 

Naval  Surface  Weapons  Center 

ATTN:  Tech.  Library  8  Info.  Services  Branch 

Naval  Weapons  Center 
ATTN:  Code  233 

Naval  Weapons  Evaluation  Facility 
ATTN:  Code  10 

Office  of  Naval  Research 
ATTN:  Code  715 

Strategic  Systems  Project  Office 

Department  of  the  Navy 
ATTN:  NSP-43 

DEPARTMENT  OF  THE  AIR  FORCE 

Air  Force  Institute  of  Technology 
ATTN:  Library 

Air  Force  Weapons  Laboratory 

Air  Force  Systems  Command 
5  cy  ATTN:  SUL 

Assistant  Chief  of  Staff 

Intel  1 igence 

Department  of  the  Air  Force 
ATTN:  INT 

Rome  Air  Development  Center 

Air  Force  Systems  Command 
ATTN:  TSLD 
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DEPARTMENT  OF  THE  AIR  FORCE  (Continued) 

Strategic  Air  Command 
Department  of  the  Air  Force 

ATTN:  NR  I - ST  INFO  Library 

DEPARTMENT  OF  ENERGY  CONTRACTORS 

Lawrence  Livermore  Laboratory 

ATTN:  Document  Control  for  Technical  Infor¬ 
mation  Dept.  Library 

Sandia  Laboratories 
Livermore  Laboratory 

ATTN:  Document  Control  for  Library  &  Security 
Classification  Div. 

Sandia  Laboratories 

ATTN:  Document  Control  for  3141 

OTHER  GOVERNMENT  AGENCY 


Federal  Emergency  Management  Agency 

ATTN:  Hazard  Eval.  &  Vul .  Red.  Oiv., 
G.  Sisson 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 
Aerospace  Corp. 

ATTN:  Technical  Information  Services 
BDM  Corp. 

ATTN:  Corporate  Library 
Boeing  Co. 

ATTN:  Aerospace  Library 

General  Electric  Company-TEMPO 
ATTN:  DAS  I AC 

I  IT  Research  Institute 

ATTN:  Documents  Library 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Hainan  AviDyne 

ATTN:  Library 

Kaman  Sciences  Corp. 

ATTN:  Library 

Merritt  CASES,  Inc. 

ATTN:  Library 

Pacific-Sierra  Research  Corp. 

ATTN:  H.  Brode 

Physics  International  Co. 

ATTN:  Technical  Library 

R  &  D  Associates 

ATTN:  Technical  Information  Center 
ATTN:  J.  Lewis 
ATTN:  C.  MacDonald 

SRI  International 

ATTN:  0.  Keough 
ATTN:  L.  Hall 
ATTN:  R.  Gates 

Science  Applications,  Inc. 

ATTN:  Technical  Library 

Systems,  Science  &  Software,  Inc. 

ATTN:  Library 

TRW  Defense  &  Space  Sys.  Group 

ATTN:  Technical  Information  Center 

Weidlinger  Assoc..  Consulting  Engineers 
ATTN:  M.  Baron 


